Introduction: This study investigates the relationship between retinal image features and b-amyloid (Ab) burden in the brain with the aim of developing a noninvasive method to predict the deposition of Ab in the brain of patients with Alzheimer's disease. Methods: Retinal images from 20 cognitively impaired and 26 cognitively unimpaired cases were acquired (3 images per subject) using a hyperspectral retinal camera. The cerebral amyloid status was determined from binary reads by a panel of 3 expert raters on 18 F-florbetaben positron-emission tomography (PET) studies. Image features from the hyperspectral retinal images were calculated, including vessels tortuosity and diameter and spatial-spectral texture measures in different retinal anatomical regions. Results: Retinal venules of amyloid-positive subjects (Ab1) showed a higher mean tortuosity compared with the amyloid-negative (Ab2) subjects. Arteriolar diameter of Ab1 subjects was found to be higher than the Ab2 subjects in a zone adjacent to the optical nerve head. Furthermore, a significant difference between texture measures built over retinal arterioles and their adjacent regions were observed in Ab1 subjects when compared with the Ab2. A classifier was trained to automatically discriminate subjects combining the extracted features. The classifier could discern Ab1 subjects from Ab2 subjects with an accuracy of 85%. Discussion: Significant differences in texture measures were observed in the spectral range 450 to 550 nm which is known as the spectral region known to be affected by scattering from amyloid aggregates in the retina. This study suggests that the inclusion of metrics related to the retinal vasculature and tissue-related textures extracted from vessels and surrounding regions could improve the discrimination performance of the cerebral amyloid status.
Introduction
Alzheimer's disease (AD) is a slowly evolving neurodegenerative disorder characterized by cognitive loss that ultimately leads to a state of major cognitive impairment. It is the most common cause of major cognitive impairment, affecting millions worldwide. The hallmark histopathological anomalies of AD result from the progressive accumulation of extracellular b-amyloid (Ab) plaques composed of amyloid precursor protein fragments, Ab peptides, and the intracellular tau tangles, composed of fibrils of hyper phosphorylated tau protein [1] . Pathological changes can occur up to 20 years earlier than the onset of cognitive decline, and brain degeneration has already spread widely by the time the cognitive decline becomes apparent. The National Institute of Aging and the Alzheimer's Association, as well as of the International Working Group on AD recently proposed a research framework based on a set of validated biomarkers linked among others to both types of anomalies that are proxies for AD to define AD in living people [2] .
Positron-emission tomography (PET) imaging with Ab ligands is the standard noninvasive method for in vivo detection of Ab plaques in the brain. They can indicate the presence, distribution, and quantity of Ab in the brain. Although the cerebral amyloid status on its own is not specific to AD, there is growing evidence that amyloid PET helps confirm or rule out the diagnosis, and can be useful for the optimization of patient management [3] [4] [5] . However, PET with Ab ligands is an expensive technique of limited accessibility and costs and practical limitations restrain its use for population screening. There has also been significant progress in the area of cerebrospinal fluid biomarkers for AD. To date, decreased Ab 42 or Ab 42 /Ab 40 ratio and high levels of p-Tau are the most accurate, reproducible, and informative cerebrospinal fluid biomarkers for AD [6, 7] . However, these require lumbar puncture and standardization has proven to be complex.
The retina is an extension of the central nervous system (CNS) and represents the only part of the CNS which is noninvasively accessible for imaging by optical means. The eye therefore has been therefore suggested as a window to the brain offering a unique site to measure biomarkers for neurodegenerative diseases [8, 9] .
Spectral domain optical coherence tomography has allowed 3-dimentional observation of histological details of the retinal layers and optic nerve with high resolution (4 mm axial resolution). Spectral domain optical coherence tomography is currently being applied to various CNS neurodegenerative diseases [10] by measuring retinal nerve fibre layer loss and has been demonstrated to show nerve fiber anomalies in AD [11] [12] [13] [14] . However, the method may lack specificity, as nerve fiber alterations are also observed in glaucoma, MCI [13] , and Parkinson's disease [15, 16] .
It was reported in the literature that Ab plaques accumulate in the retina of AD mouse models [17] [18] [19] [20] [21] , an accumulation also observed in the retina of AD human subjects post mortem [18] and in vivo [22, 23] .
Optical fluorescence imaging of the retina, with the fluorescent label curcumin, which binds to Ab plaques with high affinity [24, 25] , has been proposed as a simple procedure to detect Ab plaques [18] and has recently been tested in vivo in AD subjects [22, 23] . However, the latter study involved two visits by volunteers for retinal fluorescence imaging with the oral administration of a curcumin supplement between appointments and blood testing to confirm curcumin uptake.
Separately, an infrared laser confocal quasi-elastic light scattering procedure and the Fluorescent Ligand Eye Scanning technique [26] have been developed to detect amyloid-related pathology in the ocular lens. Ab has been shown to accumulate in the retina and lens in patients with AD [26, [27] [28] [29] . These methods, however, are limited to subjects who have not been operated for cataracts as the presence of the natural eye lens is required. This technique also involves the application of an extraneous fluorescent label.
Spectral changes were also reported in mice with AD relative to age-matched wild-type mice ex vivo [30] and in vivo [31] using label-free reflectance hyperspectral retinal images. A similar phenomenon was observed in human brain and retina tissue ex vivo. These results support the idea that hyperspectral retinal imaging could be used to identify amyloid-related signs of CNS AD deposition without extraneous labeling. Owing to the much higher interindividual variability of fundus reflectance in humans, however, direct translation to useful applications in humans of the described method, based exclusively on the spectral evaluation of the data sets, is unlikely when compared with a uniform mice cohort. This variability may overwhelm the effect of Ab aggregates on the spectral signal. More advanced image analysis techniques than the direct spectral evaluation proposed by the authors will likely be required to isolate the spectral signature of amyloid in the human tissue.
Literature has also shown correlations between retinal vessels abnormalities and AD [8, 11, [32] [33] [34] [35] suggesting a potential for retinal imaging to deliver new biomarkers of the disease. Among those, retinal vascular tortuosity (RVT) is caused by the natural capability of vessels to adapt to factors associated with certain diseases [36] [37] [38] [39] [40] . RVT has been studied as an indicator of blood pressure and cardiovascular diseases [41] [42] [43] , diabetes, neuroretinal rim thinning [37] , diabetic retinopathy, hypertensive retinopathy, retinopathy of prematurity, facioscapulohumeral muscular dystrophy, and Coats diseases [44, 45] . Recent studies have further shown a relationship between RVT and AD [33, 35, 46, 47] .
A simple, noninvasive, and accessible technique to establish the presence or absence of cerebral amyloid plaques by looking at the retina has recently been developed by Optina Diagnostics. It uses the Metabolic Hyperspectral Retinal Camera (MHRC), a system that permits the acquisition of a series of retinal images obtained at specific wavelengths covering the visible and near infrared spectrum in combination with a proprietary classifier using spatial and spectral texture features obtained with the MHRC to determine the likely amyloid status of the brain. This approach does not aim to visualize directly amyloid deposits in the retina but rather to determine a likely amyloid status based on sets of image features highly correlated with the cerebral amyloid status.
The purpose of this study was to derive retinal vascular metrics from the hyperspectral retinal images and to evaluate their capability to discriminate subjects based on their cerebral PET amyloid status, on their own and in combination with texture metrics extracted from the hyperspectral retinal images. To that end, RVT and retinal vessels diameter were evaluated from images of a hyperspectral fundus camera. They were combined with spatial/spectral texture measures, taken over and around vessels to identify discriminating features. After dimensional reduction, the predictive power of the measures was evaluated using a Support Vector Machine (SVM) classifier trained using the final set of features to discriminate between Ab-positives and Abnegative subjects as define by PET scanning.
Methods

Subjects
All procedures were approved by the ethics committees of Polytechnique Montreal, McGill University, Hopital Maisonneuve-Rosemont and V eritas IRB. Subjects were aged between 60 and 85 years and had no retinal diseases or significant ocular media opacity, as determined by an ophthalmological evaluation. The studied cohort (n 5 46) included 20 cognitively impaired subjects (values outside the normal range for the Mini-Mental State Examination and/or the Montreal Cognitive Assessment) and 26 control cases with unimpaired cognition. After PET amyloid imaging, 7 of 20 cognitively impaired cases were identified as amyloid negative, whereas 3 of the 26 cognitively normal subjects were amyloid positive.
Hyperspectral retinal imaging
Pupils were dilated (.6 mm) using 1% w/v tropicamide and 2.5% w/v phenylephrine before the ophthalmological evaluation and retinal imaging. Retinal images were acquired using an MHRC developed by Optina Diagnostics [48, 49] . The MHRC is based on a custom-built mydriatic fundus camera incorporating a tunable light source, able to transmit safe light levels within a spectral range covering the visible to the near-infrared region of the spectrum within a series of narrow bandwidths (,3 nm). A schematic of the MHRC is shown in Fig. 1 . Images of the retina on a field of view of~30
were sequentially obtained for different monochromatic illumination wavelengths to build a cube of 91 images obtained in the spectral range of 450 to 900 nm in steps of 5 nm in approximately 1 second. The images were normalized as previously described to correct for the response of the instrument and spatially registered to correct wavelength-dependent optical deformations (scaling) and eye movements (translation and rotation) that may occur during the acquisition.
Amyloid PET status determination
Amyloid imaging was performed using 18 F-florbetaben at a dose of 300 MBq (approx. 8.0 mCi) 6 20% on a General Fig. 1 . Schematic of the metabolic hyperspectral retinal camera used for acquiring the images.
Electric PET/CT Discovery ST16. A very low-dose CT pilot study was performed to permit optimal positioning of the acquisition field centered on the brain. A low-dose computed tomography acquisition was performed initially to permit attenuation correction (40 mAs, 140 kvP. Pitch 3). PET acquisition was performed in 3D mode over a period of 20 minutes. Ordered subset expectation maximization iterative reconstruction (2 subsets, 10 iterations) was performed subsequently, with correction for attenuation by low-dose computed tomography. The reconstruction also includes the standard corrections for scattered photons and random detection. The cerebral amyloid status was determined from binary reads by a panel of 3 expert readers with experience in reporting such studies. Each reader evaluated independently the amyloid PET scans for all the participants of the study and an in-person meeting was organized with all three readers to review cases where readings were discordant to rule on a final amyloid status for each participant.
Retinal data processing 2.4.1. Vessels segmentation
All vessels with a diameter larger than 3 pixels (approximately 25 mm) were automatically segmented and classified as arterioles and venules. Results were corrected for any misclassification using a graphical user interface built for this task.
Tortuosity measurement
Vessels segments between bifurcations were extracted and thinned to their skeleton, then tortuosity of each vessel segment was computed by taking the integral of the square derivative of curvature divided by the length of a curve [50] (a comprehensive review on RVT metrics is available in the study by Abdalla et al [51] ). For each of the images, average RVT values of arterioles and venules were calculated separately for all segmented vessels described previously, except for vasculature located inside the optical nerve head (ONH) which was masked and excluded from the RVT measurements. Ab1 and Ab2 subjects were compared based on average arterioles tortuosity and venules tortuosity separately. Fig. 2 A illustrates sample outputs of the software developed for vessels' tortuosity measurement with a curvature map of a vessel segment.
Diameter measurements
For each vessel segment located between two bifurcations, one-third of the centerline pixels were randomly chosen. The diameter of the vessel segment was calculated as the average of the length of the shortest paths passing through the selected centerline pixels. Vessel diameters were calculated for three different retinal zones (Fig. 2 B) by taking the maximum of the vessels' diameters within the associated zone.
Image analysis
Image features were built using standard image texture measures that included contrast, correlation, energy, homogeneity, standard deviation, range, and entropy [52] . The textures were calculated along the spectral dimension of the hyperspectral imaging cube and along a combination of spectral and spatial dimensions. In addition to the full range of the available spectrum (i.e. 450-900 nm), different bands in between were separately investigated for texture measurements following observations of maximal spectral changes in specific bands. The measures were calculated for different vascular anatomical areas of the retina including arterioles, venules, and regions around arterioles and venules (separately).
Feature selection and classification
An initial set of features included vessels' tortuosity, diameter, AVR, and texture measures extracted from arterioles and venules and adjacent regions (including about 83 mm away from the vessel's border). After a sequential feature selection, 8 features with highest validation criterion were selected. The validation criterion was evaluated through a 10-fold cross-validation of the initial set of features by repeatedly fitting a multivariate normal density function to each group of data (i.e. Ab1 and Ab2), with different training and testing subsets. Table 1 summarizes the selected features and their attributes. Although texture measures are dependent features, we corrected P values based on Bonferroni correction to illustrate the minimum P value that could be considered for each of the features. Following principal component analysis of the features in Table 1 , an SVM classifier with linear kernel was trained to discern Ab1 subjects from Ab2 subjects.
Results
Retinal venules of the PET amyloid-positive subjects showed a higher mean tortuosity compared with the amyloid-negative subjects (P , 1.6e-6). In addition, significant difference was observed between arterioles' tortuosity of Ab1 and Ab2 subjects (P , .002). Moreover, mean arterioles' diameters in zone A (P , .011) and zone C (P , .02) showed a significant difference between the two groups of subjects. Different textures measures of arterioles and adjacent regions also showed significant differences in Ab1 retinal images compared with Ab2. To provide the full distribution, Fig. 3 illustrates the data points, mean, SEM (light gray) and standard deviations (dark gray) and associated P values of each feature identified through the selection process.
For automatic discrimination of Ab1 from Ab2 subjects, features F1 to F8 were used to train an SVM classifier with linear kernel. Ten-fold cross-validation was conducted to evaluate classification loss of the classifier (from observations not used for training). Fig. 4 A shows how classification loss of this classifier changes by stepwise appending the principal components of the features F1 to F8. The distribution of classification loss values was evaluated by repetitive execution of 10-fold cross-validation in each step. The smallest cross-validation loss is associated with 7th principal component (0.14 6 0.005).
Finally, to investigate the benefit of combining different types of features, that is, vasculature features and texture measures in improving the accuracy of discrimination between Ab1 and Ab2 subjects, we evaluated the accuracy of the classification using texture measures (F3 to F8) and vasculature features (F1 and F2) separately. Fig. 4 B compares classification loss when using vasculature (F1 and F2), textures (F3 to F8), and combined features (7 principal components of F1 to F8). One can observe that lowest classification loss (0.14 6 0.005) is obtained when using a combined approach confirming the added information content of hyperspectral imaging. Finally, Table 2 shows a comparison among classifications' accuracy when using different types of features. Sensitivity, specificity, positive predictive value and negative predictive value were obtained using a 10-fold cross validation.
Discussion
In this work, we aimed to establish a correlation between retinal image features related to the vasculature with cerebral Ab deposition in the brain. The study was conducted using images taken by a novel hyperspectral imaging platform in a group of cognitively impaired and cognitively unimpaired subjects with known cerebral amyloid status determined by amyloid PET.
One of the findings was that both retinal arterioles and venules tortuosity were significantly higher in Ab1 subjects than in Ab2 subjects (P , .002, P , 1.6e-6). This supports recent findings on the correlation between RVT and cognitive impairment [35, 46, 53] as well as RVT and amyloid deposition in the brain [33] . In the study by Cheung et al [54] , both arteriolar and venular tortuosity are reported to be increased in AD, whereas in the study by Cheung et al [41] , both arteriolar and venular tortuosity are reported to be inversely proportional to aging (between 60 and 80 yrs). Considering the latter finding along with the studies supporting the increase of retinal vessels' tortuosity in patients with AD shows the importance of retinal vessels' tortuosity as a potential biomarker of AD among elderly subjects. Here, we quantitatively observed that not only the vessels' tortuosity, but also arteriole diameters in zone A (P , .02) and texture measures taken over retinal arterioles and adjacent areas (P , 1e-6) of Ab1 subjects are significantly different from retinal images of Ab2 subjects. Significant differences in texture measures were observed in the spectral range 450 to 550 nm which is known as the spectral region most likely to be affected by scattering from amyloid aggregates in the retina. Also, we observed significant difference in texture measures in the spectral range 700 to 900 nm (P , .0008) which is the spectral region least likely to be affected by the transmission of the anterior segment of the eye.
Despite significant difference between the groups, the important overlap between Ab1 and Ab2 subjects (Fig. 3) means that individual image features cannot achieve good separation of the two groups. We therefore used a combination of vasculature features and texture measures to classify Ab1 and Ab2 subjects using an SVM classifier. Results showed that a classifier trained with vasculature measures alone, could discriminate Ab1 from Ab2 subjects with an accuracy of 76%; however, combining vascular metrics with a set of spatial-spectral texture metrics resulted in a more accurate prediction of cerebral amyloid status with a classification loss of 0.14 6 0.005 and accuracy of 85%. It should be noted that based on the method, type of textures, and the parameters used, the classification performance of texture features alone could be further optimized. For example, the proprietary method developed by Optina Diagnostics [55] achieved higher accuracy than the texture-based classification results shown in the second row of Table 2 . Overall, this study suggests that the inclusion of metrics related to the retinal vasculature in a classifier built from features extracted from hyperspectral retinal images could improve the discrimination performance of the cerebral amyloid status.
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RESEARCH IN CONTEXT
1. Systematic review: Limitation of the current diagnostics of Alzheimer's disease based on PET imaging with Ab ligands and measuring levels of p-Tau in cerebrospinal fluid were stated. Moreover, methods that rely on investigation of eye biomarkers using spectral domain optical coherence tomography, optical fluorescence imaging, and fluorescent ligand eye scanning were reviewed and their limitations for popular screening were stated.
2. Interpretation: In this work, using a novel hyperspectral retinal imaging device, we showed that correlation exists between retinal vasculature characteristics and image textures extracted from retinal arterioles and venules and surrounding regions with the cerebral Ab deposition in the brain. A classifier built from features extracted from hyperspectral retinal images could improve the discrimination performance of the cerebral amyloid status.
3. Future directions: Further work to explore serial monitoring of retinal images in correlation with disease time-course could help define a clinical scenario for fundus imaging in Alzheimer's disease.
